The salmonid corticosteroid receptors (CRs), glucocorticoid receptors 1 and 2 (GR1 and GR2) and the mineralocorticoid receptor (MR) share a high degree of homology with regard to structure, ligand-and DNA response element-binding, and cellular co-localization. Typically, these nuclear hormone receptors homodimerize to confer transcriptional activation of target genes, but a few studies using mammalian receptors suggest some degree of heterodimerization. We observed that the trout MR confers a several fold lower transcriptional activity compared to the trout GRs. This made us question the functional relevance of the MR when this receptor is located in the same cells as the GRs and activated by cortisol. A series of co-transfection experiments using different glucocorticoid response elements (GREs) containing promoter-reporter constructs were carried out to investigate any possible interaction between the piscine CRs. Co-transfection of the GRs with the MR significantly reduced the total transcriptional activity even at low MR levels, suggesting interaction between these receptors. Co-transfection of GR1 or GR2 with the MR did not affect the subcellular localization of the GRs, and the MR-mediated inhibition seemed to be independent of specific activation or inhibition of the MR. Site-directed mutagenesis of the DNA-binding domain and dimerization interface of the MR showed that the inhibition was dependent on DNA binding but not necessarily on dimerization ability. Thus, we suggest that the interaction between MR and the GRs may regulate the cortisol response in cell types where the receptors co-localize and propose a dominant-negative role for the MR in cortisolmediated transcriptional activity.
dimerize to initiate transcription (see review by Laudet & Gronemeyer (2002) ). Dimer binding occurs upon initial binding of a monomeric receptor to the higher affinity DNA half-site followed by binding of the second receptor (Green et al. 1988 , Tsai et al. 1988 . Stabilization of this homodimer is achieved through protein-protein interactions involving specific amino acids in the second zinc finger of the receptors' DNA binding domains (DBD) (Dahlman-Wright et al. 1991) . The GR and MR are activated by the same ligand (cortisol in mammals, corticosterone in rodents); recognize the same DNA sequence, called the glucocorticoid response element (GRE); and have long been known to homodimerize (GR-GR or MR-MR) upon ligand binding. Interestingly, despite the structural homology and extensive similarities in terms of DNA-and ligand-binding, surprisingly little is known about the interaction between the GR and MR aside from a few mammalian studies showing heterodimerization of the GR and MR in vitro (Trapp et al. 1994 , Liu et al. 1995 , Ou et al. 2001 , Savory et al. 2001 , Nishi et al. 2004 and in vivo (Gomez-Sanchez et al. 1990 , Bradbury et al. 1994 .
The corticosteroid signaling system in fish differs in some respects from that of tetrapods and is not yet fully understood. In fish, the major corticosteroid, cortisol, governs a plethora of physiological parameters, including hydromineral balance -a task performed by aldosterone in tetrapods. Due to the lack of 11b-hydroxylase, aldosterone synthesis is absent in fish (Jiang et al. 1998) , seemingly leaving the MR with only cortisol as a ligand. However, the aldosterone synthesis intermediate 11-deoxycorticosterone (DOC), which is present in rainbow trout plasma in the nanomolar range (Milla et al. 2008 , Kiilerich et al. 2011a , specifically binds and activates the MR with higher affinity than cortisol (Sturm et al. 2005) . Although the biological roles of DOC in humans and other vertebrates have recently been reconsidered (reviewed by Vinson (2011) ), the physiological relevance of DOC in osmoregulation in fish is still not established (Kiilerich et al. 2007 , 2011a , b, c, McCormick et al. 2008 . Notably, concurrent with the high expression and localization of the MR in the mammalian brain, the MR and DOC have recently been suggested to be involved in the regulation of fish behavior (Sakamoto et al. 2011) . Compared to mammals, two GR isoforms have been described in fish in several phylogenetic superorders, such as rainbow trout (Bury et al. 2003) , carp (Stolte et al. 2008a, b) , medaka (Kim et al. 2011) , stickleback (ENSEMBL), pufferfish (ENSEMBL) and Burtons mouthbrooder (Greenwood et al. 2003) . Whole-genome duplication in the teleost lineage w350 MYA gave rise to two GR isoforms, GR1 and GR2, with an identical domain structure and many similarities in terms of ligand-and DNA-binding (reviewed by Bury & Sturm (2007) and Li et al. (2012) ). Differential tissue mRNA expression levels and regulation of expression (Greenwood et al. 2003 , Stolte et al. 2008a , Kiilerich et al. 2011a , Trayer et al. 2013 , together with dissimilar EC 50 values for cortisol (Bury et al. 2003 , Greenwood et al. 2003 , Stolte et al. 2008b , Kim et al. 2011 , Li et al. 2012 , suggest functional differences between these two GR subtypes.
Furthermore, differential activation of GR1, GR2 and MR are suggested based on the different cortisol EC 50 values in vitro, where basal cortisol levels constitutively activate MR and GR2, while stress-induced cortisol levels are necessary to activate GR1 (reviewed by Kiilerich & Prunet (2011) ). This suggests, together with co-localization of the MR with GR1 in transporting epithelial cells such as intestinal, gill and kidney cells in trout (Kiilerich et al. 2011a) , that cortisol signaling in fish could be mediated by both homo-and heterodimerization of the corticosteroid nuclear receptors, as shown in mammals.
The potential for transcriptional regulation via the interaction between the MR and GR has never been explored in fish despite several studies carried out in mammals. This prompted us to undertake a comparative study of the transcriptional activities of these corticosteroid receptors (CRs) in vitro and to investigate whether these fish receptors interact to modify their mutual transcriptional activities. The present study was conducted using the rainbow trout CRs, rtGR1, rtGR2 and rtMR.
Materials and methods

Cell culture
COS-7 cells were grown in DMEM GlutaMAX (Invitrogen) supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin (Biowest, Nuaillé , France) and 10% decomplemented (1 h at 56 8C) fetal bovine serum (FBS) (Biowest) in a humidified atmosphere with 5% CO 2 . Four hours before transfection and throughout the rest of the experiment, cells were maintained in DMEM GlutaMAX with 100 IU/ml penicillin, 100 mg/ml streptomycin and 2.5% double dextran/coated, charcoal-treated FBS to remove steroids.
Transient transfections
Cells at 40-50% confluence were transiently transfected with 0.6 ml FuGENE 6 (Roche Applied Science) and 175 ng plasmid DNA in a total volume of 100 ml (completed with DMEM) per well in a 24-well plate. Plasmid mixes were as follows in ng/well: 50 pCMV-rtGR1 (Ducouret et al. 1995) or pCMV-rtGR2 (Bury et al. 2003) ; 5, 10 or 25 pCMV-rtMR (Sturm et al. 2005) ; empty pCMV-vector to normalize pCMV-load between wells; 50 pSVb (Clontech) for b-galactosidase normalization; and 50 pCF3-Luci (containing the MMTV promoter with four GREs), pGL3-GRE2-Luci (containing two GREs) or pTAT3-tkLuci (containing three GREs) as luciferase reporter plasmids. Twelve hours after transfection, steroids (cortisol or DOC (Sigma-Aldrich)) were added from 1000-fold concentrated stock solutions in ethanol and incubated for 24 h before harvesting in 100 ml reporter lysis buffer (Promega) and analysis of luciferase and b-galactosidase.
For determination of the absolute mRNA levels of co-transfected steroid receptors by quantitative PCR, cells from each well were lysed in 500 ml TRIzol (Invitrogen), and total RNA was extracted according to the manufacturer's recommendations using glycogen to precipitate the RNA.
For determination of co-transfected CR protein levels, cells were grown to w70% confluency in six-well plates before transfection with 650 ng pCMV-rtGR1 or pEGFP-rtGR2 per well and 0, 65, 130 or 325 ng pCMV-rtMR per well using 3 ml FuGENE 6 and DMEM to a total volume of 50 ml. Cells were harvested after 24-48 h. The MR specific antagonist eplerenone (Sigma-Aldrich) was used to investigate the significance of a ligand activated MR.
Luciferase and b-galactosidase activities
Luciferase activities were determined using 10 ml of cell lysate and 50 ml of luciferase assay substrate (Promega) in white 96-well plates measured on a Synergy2 plate reader (BioTek, Winooski, VT, USA). b-galactosidase measurements to adjust for well-specific transfection efficiency were carried out with 50 ml of cell lysate and 200 ml of substrate solution (final concentrations: 3 mM o-nitrophenyl b-D-galactopyranoside, 0.56 M potassium phosphate, 1 mM MgCl 2 , 44 mM b-mercaptoethanol) in transparent 96-well plates. After incubation at 37 8C for 30-40 min, absorbance at 405 nm was read.
The normalized luciferase activity was expressed as the fold induction compared to mock wells (transfected only with the luciferase-reporter and b-galactosidase vector). All experiments were performed in triplicate and repeated at least three times.
RT and qPCR
Reverse transcription of 0.3 mg RNA was performed for 1 h at 37 8C using 1 mg Random Primers (Promega), 0.5 mM dNTPs (Promega), 15 units RNasin (Promega) and 200 units MMLV reverse transcriptase (Promega) in a total volume of 25 ml. One microliter of cDNA was subjected to real-time PCR with SYBR Green PCR Master Mix in a total volume of 20 ml on a StepOne Plus real time PCR machine (Applied Biosystems, Life Technologies). Cycling conditions were 95 8C for 20 s for initial denaturation, followed by 40 cycles of 95 8C for 3 s and 60 8C for 30 s before a melt curve stage.
Ct values from the transfected cell samples were transformed into absolute copy numbers using standard curves from dilution series of pCMV-rtGR1, -rtGR2 and rtMR from 106 to 1011 copies.
Primer sequences were as follows: rtGR1 forward 
Western blotting
Proteins were harvested from transiently transfected COS-7 cells after two to three washes in PBS by adding 75 ml of RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 7.4-7.5, 150 mM NaCl, 10% glycerol, 1 mM EDTA) supplemented with antiprotease cocktail (Sigma) and left for 10 min at 4 8C with light shaking. Cell extracts were transferred to eppendorf tubes and incubated on ice for 10 min before pelleting at 16 000 g for 10 min at 4 8C. The supernatants were transferred to fresh tubes and protein concentrations determined using the Bradford method. 20 mg of protein with 5 ml of loading buffer was denatured at 99 8C for 5 min before running on a 10% acrylamide gel including the Precision Plus Western C protein marker (Bio-Rad). Proteins were transferred by submerged blotting to an Amersham Hybond-C Extra membrane (GE Healthcare, Little Chalfont, Buckinghamshire, UK) before blocking for 2 h at RT in Tris-buffered salineCTween (TBST) with 5% milk. The membranes were incubated overnight at 4 8C with primary antibodies (rabbit anti-rtMR 1/1000 dilution (Kiilerich et al. 2011a) ; rabbit anti-rtGR1 1/2000 dilution (Tujague et al. 1998) , mouse anti-GFP 1/2000 dilution (JL-8, Clontech) and mouse anti-b-actin 1/3000 dilution (sc-47778, Santa Cruz Biotechnology). After washing in TBST, the membranes were incubated for 1 h at RT with a secondary antibody (anti-rabbit-HRP and/or anti-mouse-HRP in 1/20 000 dilution in TBST C5% milk) with a StrepTactin-HRP anti-protein marker antibody (1/5000 dilution, Bio-Rad). Membranes were revealed using UptiLight WB HRP chemiluminescence substrate (Uptima, Interchim, Montluçon, France) on a Fusion Fx7 (Vilber-Lourmat, Marne-la-Vallée, France) with standard settings.
Subcellular localization of the rainbow trout GRs in the presence of rtMR COS-7 cells were transfected as described above using 100 ng pEGFP-rtGR1 and pEGFP-rtGR2 and pCMV-rtMR at a ratio of 1:5 and 1:2, respectively, in 24 well plates. The next day, wells were treated with cortisol (10 K7 and 10 K8 M for GR1 and GR2, respectively) and/or eplerenone (10 K5 M) for 4 h, and then washed with PBS before visualization. GFP-tagged rtGR1 and rtGR2 were a kind gift from Armin Sturm and Nic Bury (Becker et al. 2008) .
Subcellular localization of the rtMR and co-localization of the rtMR and rtGRs rtMR cDNA was excised from the pCMV-vector using the EcoRI and HindII sites and subcloned into the pDsRedMonomer-C1 vector (Clontech), tagging the rtMR with a red fluorescent protein on the N-terminal end. Positive clones were sequenced to verify the correct orientation and reading frame. For cellular localization studies, COS-7 cells were plated on 35 mm WillCo dishes (WillCo Wells BV, Amsterdam, The Netherlands) at 50 000 cells/well and transfected as described above with 2.8 mg vector per dish and left overnight. The cells were transfected with pDsRed-rtMR, pDsRed empty vector, pEGFP-rtGR1, pEGFP-rtGR2 and combinations of the constructs (1:1). The cells were viewed in DMEM without serum, and the dishes were placed in a chamber at a constant temperature of 37 8C throughout the experiment. The cells were examined using a TCS SP5X Confocal microscope (Leica, Heidelberg, Germany) with a 63! water objective (1.2 NA) using a white light laser GFP, and DsRed. Four images were acquired after 488 and 543 nm excitation respectively. Emission was collected at 500-525 (GFP) and 605-650 (DsRed) to minimize bleed through. For co-localization studies, sequential scans (line by line) were used to completely avoid bleed through. After the addition of cortisol (final concentration 10 K7 M for GR1 and 10 K8 M for GR2 and MR), the cells were placed in the incubator and viewed again after 1 h.
Statistical analyses
All experiments were conducted at least three times. Transfections were performed in triplicate, and a representative result is presented here; all values are presented as the meanGS.E.M. (nZ3). Significant differences between treatments (control vs hormone) and within treatments (control or hormone) were detected with two-way and one-way ANOVA, respectively, followed by multiple t-tests with Bonferroni correction using GraphPad Prism 5 software.
Results
The rainbow trout MR is a weaker transcriptional regulator compared to rtGR1 and rtGR2
To compare the transcriptional activity between the rainbow trout CRs, we transfected the same amount of CR-expressing vector in COS-7 cells using an MMTVcontaining promoter (pCF3) including four GREs as the reporter gene. The maximal cortisol-mediated transcriptional activity of the MR (7.5-fold induction) was significantly lower compared to both GR1 and GR2 (620-and 700-fold induction, respectively, Fig. 1A ). The lower MR-mediated transcriptional activation was also observed on two different GRE-containing promoters ( Fig. 1B and C) .
The MMTV promoter is a naturally occurring, rather complex promoter. It contains four GR binding sites with slightly different similarity to the consensus GRE sequence, where at least one of them is highly activated by the GR (Payvar et al. 1983 , Ham et al. 1988 . Furthermore, Meijsing et al. (2009) demonstrated that as little as one nucleotide change in a GRE sequence was able to confer changes in the transcriptional activity of the GR; thus, the GRE sequence might also influence the effect of transfected receptors. We therefore employed more simple promoters with different GREs to investigate the nature of MR transactivation activity: the GRE2 promoter-reporter is an artificial promoter harboring two consensus GRE sequences and the TAT3 promoter-reporter containing three GREs from the tyrosine aminotransferase promoter. As seen in Fig. 1B and C, the MR is a much weaker transcriptionally active on all promoters compared to the GR.
Co-transfected MR impairs maximal GR1 and GR2-mediated transcriptional activation
As the MR and GRs confer transcriptional activation from the same GRE-driven reporter plasmid, we investigated the functional consequences on GR and MR transcriptional activities after co-transfection. As expected, increased amounts of the MR alone (0-25 ng/well) gave rise to a parallel increase in reporter gene expression ( Fig. 2A) . A fixed amount of GR1 and GR2 (50 ng/well) was co-transfected with increasing amounts of MR (0-25 ng/well) and activated with cortisol. Interestingly, there was a significant decrease in maximal transcriptional activities of GR1 or GR2 when cotransfected with the MR in a dose-dependent manner ( Fig. 2A left and right panels) . GR1 activity was more affected by MR co-expression than GR2 activity, given that a GR1-to-MR ratio of 1:10 already resulted in a 50% decrease of GR1 activity while a GR2-to-MR ratio of 1:2 was necessary to induce the same effect on GR2 activity. This was not due to an overload of receptor when using the maximal GR-to-MR ratio (50C25 ng/well), because total GR2 transcriptional activity still increased from 50 to 75 ng GR2 per well (Supplementary Figure 1A , see section on supplementary data given at the end of this article). However, when using a higher amount of plasmid (100 ng GR2-plasmid per well) decreased transcriptional activity was observed (see Supplementary Figure 1A) . Additionally, we also showed that the degree of MR-mediated inhibition on GR1 activity remained unchanged regardless of the amount of available GRE, as demonstrated by increasing the amount of MMTV plasmid (Supplementary Figure 1B) , thus excluding the possibility that GRE-binding by GR constitutes a rate-limiting step. Of note, inhibition of GR transcriptional activities by the MR was obtained with considerably lower amounts of mRNA transcribed from the MR-expressing vector compared to GR-encoding plasmids, as shown in Fig. 2B . Furthermore, we verified that under these experimental conditions, decreased transcriptional activities were not associated with altered CR expression, as demonstrated by Western blot analysis in which GR1 and GR2 protein expression remained constant (Fig. 2C , left and middle panels, respectively) in the presence of increased amounts of MR protein (Fig. 2C right panel) .
Collectively, these data clearly indicated that the MR significantly reduced transcriptional activities of trout GR1 and GR2 upon cortisol stimulation.
Specific activation or antagonism of the MR does not affect the inhibition of GR activity
To further investigate the mechanisms by which the MR inhibits GR transcriptional activities, co-transfections were carried out in the presence of specific MR agonist (DOC) or antagonist (eplerenone). Spironolactone, which is widely used in clinical practice for MR blockade, has been shown to exert agonistic activity on trout MR and thus cannot be used as a selective MR antagonist (Sturm et al. 2005) . We thus tested a second-generation MR antagonist, eplerenone. As shown in Supplementary  Figure 2A , see section on supplementary data given at the end of this article, increasing concentrations of eplerenone (from 10 K6 to 10 K5 M) showed a dosedependent inhibition of transactivation activity of the MR in presence of 10 K8 M cortisol. However, that inhibition was not observed in presence of 10 K7 M cortisol.
When the MR was specifically activated by 10 K8 M DOC simultaneously with 10 K8 M cortisol activating GR1 or GR2, we observed the same inhibitory effect of the MR on GR1 or GR2 transactivation activity (Fig. 3A) . Using the same concentration of cortisol and DOC in this experiment should have, in theory, favored DOC activation of the MR due to the tenfold lower EC 50 value for DOC compared to cortisol on the rtMR (0.1 and 1.1 nM respectively).
To further investigate whether a ligand-activated MR was required for the observed inhibition, we validated the use of the MR antagonist eplerenone at a 10 K5 M concentration together with 10 K8 M cortisol (Supplementary Figure 2B ). Because the 10 K8 M cortisol concentration is not sufficient to activate GR1 (22), we investigated the effect of eplerenone only on GR2, which is more sensitive to cortisol. As expected, eplerenone inhibits MR activation but does not affect GR2 cortisol activation (Fig. 3B) . Moreover, specific inhibition of MR activity with eplerenone did not affect GR2-mediated transcriptional activity (Fig. 3B, right panel) , suggesting that the MR-mediated inhibition of GR2 activity is not dependent on a transcriptionally active MR. 
Co-transfection of the MR does not affect subcellular localization of the GR
To determine whether the inhibitory effect of the MR was due to altered subcellular localization of the GRs, we co-transfected GFP-tagged GR1 and GR2 with and without the MR. Like previous localization studies of rtGRs in mammalian cell lines (Becker et al. 2008) , we found that rtGR1 localized in both the cytoplasm and the nucleus in the absence of a ligand (Fig. 3C) , with a complete nuclear translocation upon ligand treatment, while rtGR2 was mainly localized in the nucleus independent of cortisol treatment (Fig. 3C ). Co-transfection with the MR did not modify the subcellular localization of GR1 or GR2, and there was no effect of specific antagonism of the MR using eplerenone (Fig. 3C ). These data agree with Nishi et al. (2001) who showed that subcellular localization of the rat GR was not modified upon co-transfection with the rat MR. This also suggests that MR mediated inhibition of GR activity is not related to the MR-induced modification of the cellular localization of cortisol-activated GR.
Subcellular localization of MR
Red fluorescent protein DsRed-tagged receptors were used to analyze the subcellular localization of the rtMR in COS cells. Whereas the DsRed protein was found in the cytoplasm and the nucleus, as expected, the DsRed-rtMR was clearly localized to the nucleus. After the addition of cortisol (10 K9 M), no modification was observed in the control or in the MR-transfected cells, and the red fluorescence remained located clearly in the nuclear compartment (Fig. 4A) . When co-transfected with GR1 and GR2, the MR was clearly co-localized with these receptors in the nucleus both with and without the ligand (Fig. 4B) . These data suggest that co-expression of CRs might result in co-localization of both receptors in the nucleus without direct evidence of a physical interaction between them.
Genetic analysis of GR-MR interactions at the level of the DBD domain
Studies using mammalian steroid receptors transfected in monkey cell lines have shown that the GR and the MR can functionally interact at the transcriptional level through heterodimer formation on a GRE element (Liu et al. 1995) . Moreover, this heterodimer interaction involves a DBD dimer interface whose role is not only to stabilize receptor occupancy but also to curtail receptor self-synergy (Liu et al. 1995 , Chen et al. 1997 . In view of the capability of the GR to self-synergize on multiple GRE and of the impossibility for MR to do so, it has been suggested that inhibition of GR activity by the MR could be explained by formation of a heterodimer that was incapable of self-synergy (Liu et al. 1995) . Moreover, Liu et al. (1995) also propose that the N-terminal region of the MR disrupts the GR self-synergy when the two receptors are brought into contact with each other. In this context, we wanted to examine whether such mechanism also occurs with trout MR-GR interactions. Figure 3 , see section on supplementary data given at the end of this article). As expected, when analyzing transactivation properties of the mutated MR forms, mutations in the DBD decreased (Cys to Gly) or fully abolished (Ser to Arg) the transcriptional activity, whereas interruption of the dimerization ability (both DIM mutations equally) significantly increased the transcriptional activity of the MR on all promoters investigated in this study ( agreement with previous studies in mammals where mutations in the dimerization domain increased MR, GR and AR activities when tested on promoters containing multiple GREs (Liu et al. 1996 , Chen et al. 1997 , Adams et al. 2003 . Western blot analysis of the wtMR, MR DBD , and MR DIM was evaluated to confirm that the lack of inhibition by the MR DBD was not due to an unduly breakdown of this mutated receptor (Fig. 5B) .
To carry out such tasks, various point-mutated MR receptors have been generated that include single aminoacid mutations in the DBD (two forms: MR DBD C-G and MR DBD S-R) or in the second zinc finger of the DBD (involved in the dimerization interface: MR DIM R-D and MR DIM D-R) (Supplementary
Due to the significant effect of the serine-to-arginine mutation on MR transactivation activity, we decided to continue our study using only the MR DBD S-R (Ser to Arg) mutant. Furthermore, because the effect of either mutation in the salt bridge amino acids was identical, we chose to further investigate the MR DIM R-D (Arg to Asp) mutant.
Using the MMTV promoter, a mutation in the DBD (MR DBD ) of the MR fully abolished the inhibitory effect of the wtMR on GR1 and GR2 activity, whereas MR DIM always impaired the GR activity (Fig. 5C , right and left graphs). While the MR DIM mutant significantly reduces GR1 activity and displays similar inhibition compared to the wtMR, the MR DIM yielded an intermediate response between the wtMR and the mutated MR DBD with GR2. Thus, the inhibitory effect of the MR on GR1 and GR2 activity seems to be essentially dependent on DNAbinding but does not necessarily require a dimerization interface. Such results are in agreement with the nuclear co-localization of the MR and GR1 or GR2 in COS cells as indicated above (see Fig. 4B ).
Influence of the response element sequence on the repressive effect of the MR When comparing various GRE containing promoters, the effects of the DBD and dimerization mutations on MR activity are largely comparable among the MMTV, GRE2 and TAT3 promoters: the MR DBD alone has little or no transactivation activity whereas the MR DIM alone is more transcriptionally active than the wtMR (see Figs 5 and 6) . The lack of transcriptional activity by the MR DBD might question the functionality of this mutant receptor, but the MR DBD shows equal transcriptional activity to that of wtMR on the TAT3 promoter (Fig. 6B left panel) , suggesting that the point mutation did not disrupt protein structure and function or abolish the DNA-protein recognition.
However, despite similar effects of mutations on MR activity, the effects of the MR DBD and the MR DIM on GR1 and GR2 activity tested with the various promoters are somewhat different. As expected, the MR DBD is unable to inhibit GR2 activity on both the GRE2 and TAT3 promoters in agreement with the specificity of the DNA response element. However, this mutant has only a partial inhibitory effect on GR1 activity compared to the wtMR on GRE2 or TAT3 promoters. The MR DIM is an equally good inhibitor of GR2 activity on the GRE2 compared to the wtMR, while MR DIM has partially lost the inhibitory effect on both GR1 and GR2 on the TAT3-promoter and only GR1 on the GRE2-promoter (Fig. 6) .
Interaction of the human GR and MR
To investigate whether the dominant-negative effect of the MR on GR activity in trout could be mimicked to mammalian receptors under the same conditions (cell line and promoter constructs), human GR (hGR) and MR (hMR) were co-transfected in COS-7 cells together with the three different promoter-reporter constructs: MMTV, GRE2 and TAT3. Co-transfection of hGR with hMR resulted in decreased total transcriptional activity on all three promoters (Fig. 7) . Notably, the pattern of inhibition was not identical between the promoters, underlining the MR inhibition of GR1 and GR2 activity on different promoters in COS-7 cells. Transcriptional activity of wtMR, MR DBD and MR DIM alone and effect of wtMR, MR DBD and MR DIM on GR1 and GR2 activities on GRE2 (A) and TAT3 (B) promoters. Cortisol concentration 10 K7 M for GR1 and 10 K8 M for GR2.
Values with no lower case (MRs alone) or uppercase (co-transfection of MRs with GRs) letters in common are significantly different, *P!0.05, **P!0.01 and ***P!0.001.
promoter specificity also observed when using the trout CRs. Despite the amount of MR needed to obtain inhibition being much higher for the human receptors (equal amounts or more of the MR compared to the amount of the GR) compared to fish, the results suggest similar mechanism of dominant-negative inhibition by the MR on GR activity.
Discussion
The present study aims to address the functional relevance of the rainbow trout MR and to examine its potential transactivation interference with rtGR activity. The MR and the two GR isoforms (rtGR1 and rtGR2) in fish are, as in mammals, CRs with similar DNA-and hormonebinding ability (GRE and cortisol, respectively) even though the MR exhibits significantly lower ligand-mediated transcriptional activity when compared to both GR1 and GR2. These receptors have been shown to co-localize in the same cell types in vivo (Kiilerich et al. 2011a) , which questions the functional activity of the MR. However, besides cortisol, 11-deoxycorticosterone (DOC) has been identified as a ligand for the MR, suggesting the presence of a MR-DOC signaling pathway as this steroid was shown to be a more potent enhancer of MR transcriptional activity than cortisol (Sturm et al. 2005) . Moreover, based on the results presented in this paper, we suggest that the MR, at least in part, could act as a repressor of GR activity. The extent of interaction between endogenous MR and GRs on natural target gene GREs in different cell types has still to be investigated in order to fully understand the physiological consequences of this mechanism.
In this study, we report significant repression of GR activity when co-transfected with the MR -even at relatively low levels of MR compared to GR. This MR-mediated repression of GR activity has also been described in mammals and seems to be a typical outcome of GR and MR co-localization (Liu et al. 1995 , Derfoul et al. 1998 , Ou et al. 2001 , Planey et al. 2002 , although synergistic transcriptional activation between the GR and the MR was also described by Trapp et al. (1994) . Such observations of mutual inhibition of transcriptional activity have also been described with androgen and GRs, which is consistent with a high degree of sequence homology in the dimer interface of DBD between these nuclear receptors (Chen et al. 1997) . In all of these studies, the inhibition of nuclear receptor transactivation activity is associated with mechanisms involving heterodimerization formation that have been demonstrated through gel shift (EMSA) experiments (Liu et al. 1995 , Chen et al. 1997 , Ou et al. 2001 . Based on previous reports using mammalian GR and MR, the MR-GR heterodimer results in a disruption of the self-synergistic capacity of the GR at multiple GREs, a property that is not observed with the MR (Rupprecht et al. 1993 , Liu et al. 1995 . Disruption of such self-synergistic capacity by interaction between the N-terminal domains in the MR and the GR led to an inhibition of GR activity.
In this context, a similar mechanism of MR-mediated disruption of the self-synergistic capacity of the GR by MR-GR heterodimerization might exist in rainbow trout. However, studies using a single GRE-promoter seem necessary in order to fully conclude this theory. Interestingly, data from the present study support the existence of self-synergistic properties of MR in rainbow trout: when testing the rainbow trout MR DIM mutant, we observed a significant increase in its transcriptional activity when compared to the wtMR (Figs 5A and 5C, 6A and 6B) . 
Figure 7
Human MR exerts promoter-specific dominant-negative effect on human GR activity. COS-7 cells were co-transfected with human GR and increasing amounts of human MR together with one of the following promoters, MMTV, GRE2 or TAT3 respectively. Cortisol concentration 10 K7 M.
Values with no letters in common are significantly different.
This result is very similar to the increased transactivation activity observed with the mutated mammalian MR at the level of the DBD dimer interface (Liu et al. 1996) . Altogether, our data suggests that MR exerts a dominantnegative effect on GR1 and GR2 activity as a way to regulate total transactivation activity in corticosteroid target tissues in fish. The interaction between MR and the GRs seems predominantly dependent on DNA-binding but might also to some extent be dependent on heterodimerization. Using point mutations of the MR this study clearly indicates that disruption of the MR DBD significantly reduces its repressor activity when co-transfected with the GR (Figs 5 and 6 ). This was more pronounced for GR2, where the inhibitory effect of MR was completely abolished with the DBD mutation on all promoters. A significant inhibition of GR1 activity was still observed with the MR DBD mutant, although to a lower degree than with wtMR, on the GRE2 and TAT3 promoters, suggesting that squelching of co-transcription factors by MR may also determine GR1 activity. However, the overall reduced inhibition by MR DBD , which was observed in the present study on various promoters containing two or more GRE sequences, is in agreement with the essential role of this DNA-binding region located within the first zinc finger motif for the binding of the receptor on DNA (Rusconi & Yamamoto 1987 , Schena et al. 1989 . As abolishment of the rtMR DBD mutant binding to the GRE motif is associated with a reduction in its repressor activity, this clearly indicates that the wtMR does interact with the GR at the DNA level. Further studies of the repressor activity of the mutated MR using point-mutations in the two heterodimerization amino acids in the second zinc finger suggest that heterodimerization of MR with the GRs might also be part of the dominant-negative effect of MR on GR activity. These amino-acids are known in mammals to be involved in stabilizing the dimerization interface and are required for the cooperative DNA binding of the DBD domain on the GRE in vitro (Dahlman-Wright et al. 1991) . In this context, the fact that the present study shows a significantly reduced repressor activity of the mutated MR when tested in vitro in the presence of the MMTV, GRE2 or TAT3 promoter co-transfected with GR1 or GR2 is not surprising ( Figs 5C, 6A and B) . However, such effect of these mutants is not observed with all DNA targets (e.g., MR DIM co-transfected with GR2 in the presence of the GRE2 promoter, Fig. 6A ), which suggests that for this particular GRE promoter, interaction between the GR and mutated MR DIM may either involve other non-receptorregulatory proteins that exert a major effect on GR2 activity or indicate that the DNA layout plays a crucial role. Such an effect of the cellular context in the control of self-synergy of the CRs has already been suggested (Liu et al. 1996) . Altogether, these data demonstrate the importance of the integrity of the MR DBD and the GRE context in mediating the repressor activity of the MR on GR-mediated transactivation.
What can we learn from evolution? Of note, repression of one steroid receptor's activity by another steroid receptor has recently been described in another lower vertebrate, amphioxus, a chordate ancestor that diverged from the vertebrates w500 MYA, just after a duplication of the ancestral steroid receptor (Delsuc et al. 2006) . In amphioxus, a duplication of the ancient ketosteroid receptor gave rise to an estradiol receptor (ER) and a steroid receptor (SR), named after their homology with vertebrate estrogen and steroid receptors. However, the SR retained the ligand-binding abilities and low transcriptional activity (four-to fivefold activation with ligand) of the previous receptor, while the ER does not seem to bind hormones and has no transcriptional activity (Bridgham et al. 2008 , Katsu et al. 2010 . Thus, the estrogeninsensitive ER functions as a dominant-negative repressor of ligand-activated SR activity through binding to promoter estrogen responsive elements, because mutation of the fourth coordination cysteine in the first zinc finger abolished the ER mediated repression of SR activity in amphioxus (Bridgham et al. 2008 , Katsu et al. 2010 . Similarly, in rainbow trout, we have shown that MR mediated repression of GR activity seems to be dependent on DNA binding. The duplication of the ancient CR (AncCR) 450 MYA, which gave rise to the GR and the MR, resulted in an MR that retained the ancient hormone binding abilities (cortisol, aldosterone and DOC) and low transcriptional activity, while the ligand specificity (cortisol only) and transcriptional activity of the GR increased (Bridgham et al. 2006 , Ortlund et al. 2007 . Thus, in rainbow trout, the MR can act as a ligandactivated repressor of GR activity, but the importance of ligand binding for the repressive function of the MR has still to be clarified.
Heterodimer formation is widely recognized as a key component of transcriptional regulation of cellular mechanisms by the nuclear receptors such as RXR, VDR, PPAR or TR, and this process explains many biological functions of these receptors (Laudet & Gronemeyer 2002) . However, heterodimerization of steroid receptors (GR, MR, progesterone, androgen and estrogen receptors) has been more rarely described, and their functional consequences are still poorly understood. The first clue for understanding the physiological significance of such heterodimerization came from co-localization of the two receptors in the same cells: both receptors have been co-localized in various tissues and cells including the brain, the heart, vascular smooth muscle and leukocytes in mammals (van Steensel et al. 1996 , Zennaro et al. 1997 , Wickert et al. 1998 . A similar situation was also recently observed in trout, where the GR and the MR co-localized in the same cells in the gill, intestine and kidneys (Kiilerich et al. 2011a) . Full understanding of the physiological consequences of heterodimerization is still lacking, but such regulation has already been documented in mammals. Thus, study of the regulation of the human Na/K-ATPase beta1 subunit promoter in CV1 cells has shown that MR interaction with the GR on the promoter effectively down-regulates transcription, and this inhibition was mediated by the N-terminal domain of the MR (NTD-MR) (Derfoul et al. 1998 ). More recently, the effect of the NTD-MR on glucocorticoid-induced apoptosis in the glucocorticoid-sensitive pre-B lymphoma cell line was analyzed, and results suggest that the NTD-MR mediates the inhibition of glucocorticoid-regulated gene transcription by glucocorticoids (GC) through heterodimerization with the GR (Planey et al. 2002) . In neuronal cells, there is also evidence that heterodimerization of the MR and the GR mediates direct corticosteroid-induced trans-repression of the 5-HT1A receptor promoter (Ou et al. 2001) . Finally, in the dentate gyrus of the hippocampus, Hassan et al. (1996) provided evidence that MR activation can protect neurons against acute GR-ligand-mediated apoptosis. Altogether, these results suggest that GR-MR interaction mediates a repertoire of cellular responses to GC in various tissues. Such regulatory pathways probably exist in the fish brain to regulate behavior or exist in osmoregulatory tissues where both the GR and the MR are involved (Kiilerich et al. 2007 , 2011a , b, c, McCormick et al. 2008 , Sakamoto et al. 2011 , Takahashi & Sakamoto 2013 . The MR mediated repression of GR activity reported in this study certainly adds new possibilities to a search for a physiologically relevant function of the MR in fish and requires further studies.
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